Nde1 is localized to the mammalian microtubule organizneurons arrive at the cerebral cortex, the early proliferaing center (MTOC, the centrosome) and directs ␥-tubulin tion and migration processes determine the number and localization and hence microtubule organization in inlocation of the cortical neurons and are essential for the terphase cells, including cortical neurons (Feng et al
Introduction role in neuronal migration (Hirotsune et al., 1998) . It is still unclear why heterozygous mutations of LIS1 result The development of the cerebral cortex follows a strictly in a minimal phenotype in tissues outside of the cerebral regulated sequence of neuronal proliferation, migration, cortex. Moreover, the lissencephalic brain is also microand differentiation. In all mammalian species, cortical cephalic. In additional to neuronal migration defects, neurons are generated in the proliferative pseudostratiLis1 compound heterozygous mice also display proliferfied ventricular zone, where neural progenitor cells go ation defects in cortical neural progenitors (Gambello through massive expansion before they exit the cell cyet al., 2003; Hirotsune et al., 1998). However, the contricle and form cortical neurons  bution of impaired neurogenesis to the malformation of Rakic, 1995) . Upon finishing the terminal mitotic cell LIS1 mutant brain is not yet known. cycle, newly born neurons leave the ventricular zone We previously identified Nde1 (formerly known as and move toward the cortical pial surface through a mNudE) through its direct physical interaction with LIS1, highly ordered process of neuronal migration ( Takahashi  and through 
2000b). dendrite remodeling and networking is completed after
Nde1 is localized to the mammalian microtubule organizneurons arrive at the cerebral cortex, the early proliferaing center (MTOC, the centrosome) and directs ␥-tubulin tion and migration processes determine the number and localization and hence microtubule organization in inlocation of the cortical neurons and are essential for the terphase cells, including cortical neurons (Feng et al., formation of the laminated functional cerebral cortex 2000b). In mammals, Nde1 shares high sequence iden- (Rakic, 1988a (Rakic, , 1988b . gesting that Nde1 mediates LIS1's function in forebrain counterparts (Figures 2A and 2B) . Moreover, the size reduction of the Nde1 mutant brain predominantly afdevelopment. Here, we show that, by organizing mitotic fected the cerebral cortex, while other brain structures, microtubules, Nde1 is essential for mitotic spindle asincluding the hippocampus, the midbrain, and the ceresembly and function and is required for determining bellum, were either of normal size and structure or only the mode and speed of cortical neural progenitor cell slightly reduced in size ( Figures 2B, 2C , 2D, and 2E).
mitosis. Homozygous mutation of Nde1 in mouse results
To examine the topography of the brain size reduction in a small brain that affects the cerebral cortex preferenof the Nde1 Ϫ/Ϫ mice, we compared anterior as opposed tially. While homozygous Nde1 mutant mice showed to posterior and dorsal as opposed to ventral brain neuronal migration deficits, mitotic arrest and changes structures in Nde1 Ϫ/Ϫ mice and their heterozygous counin mitotic orientation were also seen. These mitotic deterparts. Nde1 ϩ/Ϫ and Nde1 Ϫ/Ϫ brains were first sepafects led to the failure of neural progenitor pool expanrated into two parts along the forebrain-midbrain juncsion and alterations in neural cell fate, and they protion ( Figure 2F ). The mass of the anterior portion, which duced a smaller cerebral cortex with dramatically includes the olfactory bulbs, the cerebrum, and the thalreduced superficial cortical layers. Together, our results amus, was found to be reduced much more significantly demonstrate that Nde1 plays an essential role in dethan the posterior structures in the Nde1 Ϫ/Ϫ brain comtermining the pattern of progenitor cell division and the pared to their heterozygous counterparts ( Figure 2F ). size of the cerebral cortex.
Moreover, we compared the area of the dorsal forebrain (the neocortex) to the area of the ventral brain structures Results (including the basal ganglia, the thalamus, and the hippocampus, as well as the paleocortex) on coronal secNde1 Is Essential for the Development tions that represented three different levels of the foreof Cerebral Cortex brain along the anterior-posterior axis. The results We created a Nde1 null mutation through gene targeting showed that the neocortical area represented by the in mouse embryonic stem cells ( Figure 1A) . By deleting dorsal to ventral area ratio of Nde1 Ϫ/Ϫ brain was signifia 1.2 kb genomic region that contains exon 2 of the cantly smaller in all three levels examined ( Figure 2G ). mouse Nde1 gene, our targeting strategy yielded a nonIn contrast to the greatly reduced cerebral cortex, the sense mutation that truncated the Nde1 protein at amino basal ganglia in the Nde1 Ϫ/Ϫ mutant brain only showed acid 27. Southern blotting ( Figure 1B ) and immunoblotmoderate reduction. Together, these data demonstrate ting analysis ( Figure 1C) Ϫ/Ϫ mice (n ϭ 16) and their wild-type (n ϭ 13) and heterozygous (n ϭ 34) littermates at 6-8 weeks, which shows that the Nde1 Ϫ/Ϫ brain is significantly lighter than the wild-type and Nde1 ϩ/Ϫ brains in total wet weight (p Ͻ 0.0001, by ANOVA F test). In contrast, no significant difference in body weight was detected between the Nde1 Ϫ/Ϫ mutants and their wild-type and heterozygous counterparts (p ϭ 0.199, by ANOVA F test). (B) Dorsal and side views of adult wild-type, Nde1 ϩ/Ϫ , and Nde1 Ϫ/Ϫ brains, which show that deleting Nde1 produces a smaller brain with specific reduction in size and surface area involving the cerebral cortex. In contrast, the cerebellum and the olfactory bulb in the homozygous Nde1 mutant are much less reduced in size. As a result of the reduced cerebral cortex, the midbrain in homozygous mutants is more exposed and appears larger. Ϫ/Ϫ mutant brain (mean ϩ SD). Homozygous Nde1 mutant brains (n ϭ 8) and the brains of their heterozygous counterparts (n ϭ 8) are each separated into anterior and posterior part along the forebrain and midbrain junctions as indicated in the schematic diagram, and the weight of each part ("A" and "P"; mean ϩ SD) and the ratio of anterior to posterior mass (R A/P ; mean ϩ SD) are presented. The figure shows that the weight of anterior forebrain in Nde1 Ϫ/Ϫ mutants is significantly reduced compared to that in the Nde1 ϩ/Ϫ controls (p Ͻ 0.0001, by Student's t test), whereas the posterior midbrain and cerebellum are only reduced slightly (p Ͻ 0.03, by Student's t test). (G) Coronal sections at three different levels (L1, L2, and L3, as shown in the diagram to the left) of the forebrain are compared between Nde1 homozygous mutants (n ϭ 6) and their heterozygous counterparts (n ϭ 6). The area occupied by the six-layered neocortex on each section (highlighted in blue as dorsal brain) was measured and graphed as the ratio to the area of ventral brain structures, including the basal ganglia, the brain ventricles, the thalamus, the hippocampus, and the paleocortex (R D/V ; mean ϩ SD). The figure shows that the neocortex in the Nde1 Ϫ/Ϫ mutant brain is reduced significantly in size relative to the basal brain structures at all three levels (p Ͻ 0.0001 in all three levels, by Student's t test). 3B and 3C) . Moreover, the reduced Brn1-positive neural population displayed a analysis with GFAP antibody did not show abnormal The progressive decrease in BrdU-positive progeniof the cortical ventricular zone at mid to late stages of corticogenesis was observed by Dcx immunoreactivity, tors was also in line with the progressively decreased nestin immunoreactivity in Nde1 Ϫ/Ϫ mice from E12 to which showed that the ventricular zone, as represented by the Dcx-negative region, was significantly smaller in E15 (Figure 5B) , suggesting that the mutant mice either the Nde1 Ϫ/Ϫ mutants than in wild-type controls at E14.5 surface at both E13.5 and E15 ( Figure 6C , green arrows). In neural epithelial cells, the position of the nucleus is and E16.5 ( Figure 5C ). Together, these data suggested that the loss of Nde1 produced a progressive depletion known to correlate with the phase of the cell cycle, with nuclei of mitotic cells normally descending to the apical of the progenitor pool during later stages of corticogenesis and consequently led to the observed reduction in ventricular surface by interkinetic nuclear migration (Takahashi et al., 1996). The ectopic phospho-Histone H3 late-born upper layer cortical neurons.
While we observed a very subtle increase in TUNEL staining in Nde1 Ϫ/Ϫ mice thus reflects a partial dissociation of nuclear positioning from the cell cycle. As the staining in the Nde1 Ϫ/Ϫ cortex at E15 and E17 (data not shown), the total number of apoptotic cells in both conposition and the alignment of mitotic chromosomes are controlled by the mitotic spindle apparatus, the mispositrol and the mutant brain remained very low, with typically one to three TUNEL-positive cells observed on tioning of the mitotic chromosomes reflected abnormal assembly and structure of the mitotic spindle. Such a each brain section. Such a low incidence seems insufficient to cause major changes in the progenitor pool failure in mitotic spindle function might lead to the discoordination of the phase of cell cycle and mitotic chromoand suggests that the increased apoptosis was not the primary cause of the neural progenitor reduction that some segregation in the Nde1 Ϫ/Ϫ progenitor cells and produce mitotic abnormalities of the Nde1 Ϫ/Ϫ cortical we observed.
progenitors. (Figures 3D and 3E) . In fact, the ineny and also suggests that the cell fate alteration that leads to increases in deeper layer neuronal populations crease in the number of the earlier-born cortical layer neurons could be observed as early as E16.5, as indi-( Figures 3D and 3E ) might also be a reflection of the increased asymmetrical cell division in the Nde1 Ϫ/Ϫ procated by elevated immunoreactivity of both DCX and Tbr1 ( Figures 6E and 6F) , because both mark newly genitors.
Mitotic Defects
The altered mitotic pattern in Nde1 Ϫ/Ϫ brains was furgenerated postmitotic cortical neurons at this stage. Together, these data further suggested that shifts tother revealed by phospho-Histone H3 immunoreactivity, which showed the disordered localization of mitotic ward neuronal fate may at least partially account for the progressive reduction of neural progenitors, leading to chromosomes associated with Nde1 deficiency. Whereas most mitotic chromosomes are normally localized along fewer late-born cortical neurons in the mutant mice. Thus, the small cerebral cortex phenotype seen in the ventricular lumen, many Nde1 Ϫ/Ϫ mitotic chromosomes were found in the region above the ventricular Nde1 Ϫ/Ϫ mice appears to be caused by mitotic spindle Figure S4) , the simpaired neuronal migration, and a greatly reduced cerebral cortex with abnormal cortical layering. Our results plest mechanism for the cerebral cortex-specific Nde1 mutant phenotype might be its tightly regulated expressuggest that mitotic spindle regulation by Nde1 is not only essential for the proliferation of cortical progenitors sion in the cerebral cortex progenitors during neurogenesis. Therefore, Ndel1 expression in other regions might but also has a great impact on neuronal fate determination and neuronal migration.
rescue Nde1 loss of function. 
Nde1 and Mitotic Spindle Regulation

